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methods in this area is probably some way off, but the methods
described here may well provide useful techniques for extending
the range of applicability of the free energy perturbation and
related methods,

Acknowledgment. J.W.E. wishes to acknowledge the support
of Glaxo Group Research through the award of a Glaxo prize

studentship. We wish to thank the Science and Engineering
Research Council (SERC) for a grant of computer time on the
CRAY XMP/432 at the Rutherford Appleton Laboratories and
the SERC and IBM for time on the IBM 3090-600V under the
strategic user initiative.

Registry No. CCl,, 56-23-5.

Ab Initio Molecular Orbital Studies of the Rotational Barriers
and the S and 3C Chemical Shieldings for Dimethyl

Disulfide

Ding Jiao, Michael Barfield,* Jaime E. Combariza, and Victor J. Hruby*

Contribution from the Department of Chemistry, University of Arizona, Tucson, Arizona 85721,

Received September 6, 1991

Abstract: A series of ab initio molecular orbital calculations were carried out for dimethyl disulfide as a model for the disulfide
bridges in proteins and peptides. The potential energy profile for rotation around the S-S bond was obtained at the HF/6-31G*
level with full geometry optimization. Cis- and trans-barrier heights were estimated to be 11.40 and 6.27 kcal /mol, respectively,
on the basis of fourth-order Moller—Plesset perturbation theory and 6-311G** basis sets. Calculations of the torsion angle
dependence of the isotropic **S and 1*C NMR shieldings were based on the method of individual gauge for localized orbitals
(16L0). These are of interest for NMR studies of the disulfide bond in peptides and proteins. The minimum in the plot of
13C shielding as a function of torsion angle occurs for a C1-S1-S2~C2 angle close to 110°, which is an optimum arrangement
for lone pair back-bonding. An analysis of the paramagnetic bond contributions to the 13C shielding at C1, for example, shows
that the conformational dependence is dominated by the paramagnetic contributions to the C1-H1 bond, which points away

from a lone pair on S2.

Introduction

The disulfide bridge is one of the two major covalent linkages
between amino acids in polypeptides and proteins.! It has been
known that disulfides in protein structures enhance the overall
stability of some particular conformations.? In recent years, the
use of conformational constraints has gained general attention
in peptide synthesis.> In particular, disulfide formation has been
used to limit the number of conformational states and to force
S-turn-type conformations. Following current trends, which make
use of molecular mechanics and molecular dynamics to study
conformational property of peptides and proteins, refinement of
force fields demands accurate experimental data, or high-level
ab initio quantum chemical calculations for small but repre-
sentative fragments of peptides and proteins.

In many experimental and theoretical studies dimethyl disulfide
has been a model for the disulfide linkages in proteins or peptides.*
Previous theoretical studies of dimethyl disulfide gave two energy
barriers for rotation about the S-S bond. The trans-barrier is
lower than the cis-barrier. The barriers create two minimum-
energy conformations with C-S—S—C torsional angles near +90°
or -90°, Although the geometry of (CH,),S, was determined
experimentally by microwave spectroscopy and by electron dif-

(1) Schulz, G. E.; Schirmer, R. H. Principles of Protein Structure;
Springer-Verlag: New York, 1979.

(2) Thornton, J. M. J. Mol. Biol. 1981, 151, 261-287.

(3) Hruby, V. J. Life Sci. 1982, 31, 189-199. Hruby, V. J.; Al-Obeidi,
F.; Kazmierski, W. Biochem. J. 1990, 268, 249-262.

(4) (a) For a microwave spectroscopic study, see: Sutter, D.; Dreizler, H.;
Rudolph, H. D. Z. Naturforsch. 1965, 20a, 1676—-1681. (b) For an electron
diffraction study, see: Beagley, B.; McAloon, K. T. Trans. Faraday Soc. 1971,
67, 3216-3222. (c) For semiempirical quantum mechanical calculations, see:
Van Wart, H. E.; Shipman, L. L.; Scheraga, H. A. J. Phys. Chem. 1974, 78,
1848 and references therein. For ab initio calculations, see Table I and quoted
references.

Table I. Ab Initio Calculations of Torsional Barriers for Dimethyl
Disulfide

energy
barriers,

dihedral ~ __keal/mol
methods angles, deg cis trans

STO-3G (rigid rotor)® 90 18.0 4.4

STO-3G* (rigid rotor)® 90 24.1 12.7
MB (rigid rotor)b< 82.84 13.11  10.39
DZ (rigid rotor)*4 86.23 16.03 9.16
STO-3G (opt)* 89.5 15.62 5.05
HF/4-31G//HF/STO-3G* 89.5 18.47 6.04
STO-3G' 12.68 6.27
DH+d/ 16.49 8.00

HF/3-21G*/ /HF/3-21G*¢
HF/6-31G*//6-31G**

88.4 (opt) 1197  5.69
87.29 (opt) 1136  5.72
HF/4-31G*//HF4-31G* 90 (fixed) 115 5.7
Cl/4-31G*//HF/4-31G** 90 (fixed) 9.4 6.0

?Boyd, R. J,; Perkynst, J. S.; Ramani, R. Can. J. Chem. 1983, 61,
1082-1085. ®Minimum basis set: MB. ¢Pappas, J. A. Chem. Phys.
1976, 12, 397-405. 4Double-{ basis set: DZ. ¢Eslava, L. A.; Putnam,
J. B, Jr.; Pedersen, L. Int. J. Pept. Protein Res. 1978, 11, 149-153.
/Renugopalakrishnan, V.; Walter, R. Z. Naturforsch. 1984, 394,
495-498. ¢Ha, T. J. Mol. Struct. 1988, 122, 225-234. "Reference 24.
‘Reference 29,

fraction methods, the only known experimental value corre-
sponding to an “effective rotational barrier” around the S-S bond
is 6.8 kcal/mol from gas-phase thermodynamic studies.’> This
value has been taken as the trans-barrier height. There appears

(5) Hubbard, W. N.; Douslin, D. R.; McCullough, J. P.; Scott, D. W ;
Todd, S. S.; Messerly, J. F.; Hossenlopp, I. A.; George, A.; Waddington, G.
J. Am. Chem. Soc. 1958, 80, 3547-3554.
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Table II. Geometries and Energies of Dimethyl Disulfide Optimized
with HF/6-31G*

Ereh
CSSC,deg  SS,A CS, A SSC, deg kcal/mol

0.0 2.111 1.812 106.3 11.27
30.0 2.091 1.811 105.2 7.62
60.0 2.061 1.814 103.8 1.96
87.4 2.053 1.815 103.1 0.00°
120.0 2.067 1.815 101.7 2.03
150.0 2.084 1.812 99.4 4.61
180.0 2.090 1.811 98.2 5.50

2The total energy at this point is —~874.247 655 au.

not to be an experimental value for the cis-barrier height even
though this is very important in the refinement of the molecular
mechanics force field. A similar situation occurred for the cis-
barrier in n-butane.®

Few ab initio calculations of dimethyl disulfide energy barriers
made use of large basis sets and full geometry optimization (see
Table I). Literature values for the cis- and trans-barriers, which
range from 9.4 to 24.1 kcal/mol and from 5.72 to 12.7 kcal/mol,
respectively, show some convergence with improved quality of the
computations. Calculated results reported here make use of larger
basis sets, fully optimized geometries, and electron correlation
effects. These are all important factors for good quality calcu-
lations of energy barrier heights.®’ In the absence of accurate
experimental data, the intent was to produce more reliable torsional
barriers for (CH,),S, for refinement of molecular mechanics force
fields.

Several physical properties have been used to study the con-
formations around the disulfide bridge. These include optical
rotation,? vibrational frequencies,’ and ionization potentials.!®
Another possibility for experimental investigation of the torsion
angle dependence is presented here. A series of ab initio IGLO
MO calculations were performed to explore the conformational
dependence of the *C and S isotropic chemical shieldings for
dimethyl disulfide.

Computational Methods

Ab initio molecular orbital calculations® were performed either with
Gaussian 88!! or Gaussian 90'? codes on Convex 220 or Cray Y-MP
computers. Initially, a set of optimized geometries was obtained at
different dihedral angles around the disuifide bond at the 6-31G* level
(a split valence basis set with d-orbitals on carbon and sulfur atoms) using
GAMESS.]®  The resulting geometries were used as input for further
geometry optimization and for the chemical shielding calculations. En-
ergies were analyzed in terms of a truncated Fourier-type expansion of
the potential function'4

V(¢) =
(1/2)Vi(1 - cos ¢) + (1/2)V3(1 - cos 2¢) + (1/2)V5(1 - cos 3¢)
1)

(6) Allinger, N. L.; Grev. R. S.; Yates, B. F.; Schaefer, H. F., Il11. J. Am.
Chem. Soc. 1990, 112, 114-118.

(7) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(8) Rauk, A. J. Am. Chem. Soc. 1984, 106, 6517-6524 and references
therein.

(9) Zhao, W.; Bandekar, J.; Krimm, S. J. Am. Chem. Soc. 1988, 110,
6891-6892 and references therein.

(10) Brown, R. S.; Jorgensen, F. S. In Electron Spectroscopy: Theory,
Techniques and Applications; Brundle, C. R., Baker, A. D., Eds.; Academic:
London, 1984; Vol. 5, pp 1-122.

(11) Gaussian 88: Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.;
Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.;
Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn,
L. R.; Stewart, J. J. P.; Fluder, E. M,; Topiol, S.; Pople, J. A. Gaussian, Inc.:
Pittsburgh, PA, 1988.

(12) Gaussian 90, Revision I: Frisch, M. J.; Head-Gordon, M.; Trucks,
G. W,; Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley,
J. S.; Gonzalez, C.; Defrees, D. J,; Fox, D. J.; Whiteside, R. A.; Seeger, R.;
Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P; Topiol,
S.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1990.

(13) Dupuis, M.; Spangler, D.; Wendoloski, J. J. National Resource for
Computations in Chemistry Software Catalog, Program QGOI, 1980.
Schmidt, M. W,; Boatz, J. A.; Baldridge, K. K.; Soseki, S., Gordon, M. S.;
Elbert, S. T.; Lam, B. QCPE Bull. 1987, 7, 115. Convex (UNIX) version,
1989.
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Figure 1. Relative energies (kcal/mol) for dimethyl disulfide plotted as
a function of the C-S-S~C dihedral angle ¢. The open triangles denote
the calculated data points and the solid curve is based on the linear
regression result.

where the coefficients ¥; have been interpreted in terms of electronic and
steric effects.!#!1* Geometries were additionally optimized by assuming
C, symmetry at the MP2/6-31G** level, e.g., the second-order Maoller-
Plesset perturbation theory with the standard split valence basis set and
a set of polarization functions on all atoms. The geometry was fully
optimized at the energy minimum point. The other two points were
established by fixing the dihedral angles of C-S-S-C at 0 or 180°, while
all other parameters were optimized (see Table II).

To investigate the effects of larger basis sets and electron correlation
on the torsional barriers, standard split valence and triple split valence
basis sets with polarization functions 6-31G** and 6-311G**, respec-
tively, were used in conjunction with electron correlation treatments
through configuration interaction (CI)!¢ with single and double excita-
tions (CISD) and the Moller-Plesset (MP)'7 perturbation theory up to
fourth-order (MP4). The lowest total energies obtained with different
basis sets and CI and MP treatments are included in Table III. Relative
energies corresponding to the three conformations are tabulated in Table
IV. In these tables CISD(Q) denotes the CISD energy, which includes
contributions from unlinked quadruple excitations as estimated from
Davidson’s formula.!® These single-point energy calculations made use
of the previously described optimized geometries at the MP2/6-31G**
level (see Table V).

All chemical shielding calculations in this study were based on the
1GLO (individual gauge for localized orbital) formulation of Kutzelnigg
and Schindler.”® Problems associated with origin dependence usually
found in coupled Hartree—Fock (CHF) shielding computations, arising
from a common origin and an incomplete basis set,”® are less severe in
the 16LO method. In this method localized MO's associated with inner
shells, bonding orbitals, and lone pairs have unique origins for the cal-
culation of diamagnetic and paramagnetic terms. In a recent study of
the conformational dependence of *C chemical shifts of hydrocarbons,!
it was shown that double-{ quality basis sets give reasonable results for
most situations. For dimethyl disulfide, however, shielding calculations
at the double-{ level are not adequate even to predict conformational
trends. Difficulties with shielding calculations with a small basis set on
sulfur have been noted previously.?? Calculations for (CH;),S, were

(14) Radom, L.; Hehre, W. J.; Pople, J. A. J. Am. Chem. Soc. 1972, 94,
2371-2381.

(15) Radom, L. In Molecular Structure and Conformation. Recent Ad-
vances; Csizmadia, 1. G., Ed.; Elsevier;: New York, 1982,

(16) (a) Shavitt, I. In Modern Theoretical Chemistry; Schaefer, H. F., Ed.;
Plenum: New York, 1977. (b) Pople, J. A.; Seeger, R.; Krishnan, R. Int. J.
Quantum Chem. Symp. 1977, 11, 149-163.

(17) (a) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618-622. (b)
Binkley, J. S.; Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229-236.

(18) (a) Davidson, E. R. In The World of Quantum Chemistry; Daudel,
R., Pullman, B., Eds.; Reidel: Dordrecht, Holland, 1974; pp 17-30. (b)
Langhoff, S. R.; Davidson, E. R. Int. J. Quantum Chem. 1974, 8, 61-72,

(19) (a) Kutzelnigg, W. Isr. J. Chem. 1980, 19, 193-200. (b) Schindler,
M.; Kutzelnigg, W. J. Chem. Phys. 1982, 76, 1919-1933. (c) For a review
of 1GLO applications, see: Kutzelnigg, W. J. Mol. Struct. 1989, 202, 11-61.
(d) Kutzelnigg, W.; Fleischer, U.; Schindler, M. NMR Basic Principles and
Progress; Springer Verlag: New York, 1990; Vol. 23, p 165.

(20) For reviews of the theory of shielding, see, for example: Jameson, C.
J. Nuclear Magnetic resonance. Specialist Periodical Reports, No. 20; The
Chemical Society London: Burlington House, London; 1991; and previous
chapters in this series. Chesnut, D. B. Annu. Rep. NMR Spectrosc. 1989, 21,
51-97.

(21) Barfield, M.; Yamamura, S. H. J. Am. Chem. Soc. 1990, [12,
4747-4758.
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Table III. Total Energies of Dimethyl Disulfide?

J. Am. Chem. Soc., Vol. 114, No. 10, 1992 3641

basis set HF CISD CISD(Q) MP2 MP3 MP4
6-31G** -874.257107 -874.801 322 -874.849869 -874.873 644
6-311G** -874.315927 -874.843 291 -874.923 449 -874.887300 -874.935542 -874.962656

¢ Based on the lowest energy geometry optimized at MP2/6-31G**. All values in au’s.

Table IV. Relative Energies (kcal/mol) of Dimethyl Disulfide at
Three Conformations

CSSC,deg HF CISD CISD(Q) MP2 MP3 MP4
6-31G** Basis Set

84.8 0.00 0.00 000 0.00

0.0 11.09 1148 10.97 11.10

180.0 5.47 6.19 590 6.14

6-311G** Basis Set
84.8 0.00 0.00 0.00 000 000 0.00
0.0 10.86 11.41 11.21 11.80 11.25 11.40
180.0 5.23 5.94 5.97 6.33 645 627

Table V. MP2/6-31G** Optimized and Experimental Geometries of
Dimethyl Disuifide

optimized values

geometrical lengths, A, microwave electron
parameters® angles, deg spectroscopy?  diffraction®
CSSC 84.8 0.0 180.0 84.7 83.9 £ 0.09
SS 2,054 2.122 2.098 2.038 2,022 £ 0.003
CS 1.810 1.804 1.804 1.810 1.806 = 0.002
CSS 102.0 105.2 96.7 102.8 104.1 £ 0.3
CH, 1.088 1.088 1.086 1.097 1.090 % 0.007
CH, 1.085 1.085 1.086
CH, 1.086 1.085 1.086
SCH, 106.7 104.3 106.5 108.9 1065 £ 1.0

SCH, 110.8 112.6 111.2
SCH, 111.5 112.6 111.2
SSCH, 177.8 180.0 180.0
SSCH, 59.0 628 614

SSCH; -63.6 —-62.8 -61.4

?Bond lengths, internal angles, and dihedral angles are specified by
two-, three-, or four-atom labels. Subscripts 1, 2, and 3 are used to
specify parameters involving three different hydrogens. ®Reference 4a.
‘Reference 4b.

based on a (9,5/5) Huzinaga set?® contracted to a triple-{ (51111;-
311/311) set with d- and p-type polarization functions on C (exponent
0.7) and hydrogen (exponent 1.0), respectively. For sulfur a (10,6)
Huzinaga set?3 contracted to a triple-¢ (511111;3111) set was used with
the d-type orbital exponent 0.5. Geometries optimized at the HF /6-31G*
level were used in the shielding calculations.

Results and Discussion

1. Geometries. Optimized results at the HF/6-31G* level in
Table II are similar to those reported by Aida et al.2* Bond
lengths, internal angles, and dihedral angles are specified by two-,
three-, or four-atom labels. The dependence of the S-S bond
length and S-S—C bond angles on the dihedral angle around the
S-S bond reflects the change of S-S bond strength or force
constant.>?* The MP2/6-31G** optimized geometry is also given
in Table V. A significant improvement over Hartree—Fock level
optimization is the decrease of the dihedral angle around the S-S
bond from 87.4° (HF/6-31G*) to 84.8° (MP2/6-31G**). The
latter value is in good agreement with the experimental (micro-
wave) value of 84.7° in Table V. The only significant difference
(0.02 A) between the optimized and the experimental geometries
occurs for the S-S bond length. This difference is comparable
to the difference between microwave spectroscopic and electron
diffraction data in Table V and a similar disparity occurs for
H,S,.> Moreover, the microwave spectroscopic study* assumed

(22) Fleischer, U.; Schindler, M.; Kutzelnigg, W. J. Chem. Phys. 1987,
86, 6337-6345.

(23) Huzinaga, S. Gaussian Basis Sets For Molecular Calculations; El-
sevier: New York, 1984.

(24) Aida, M.; Nagata, C. Theor. Chim. Acta 1986, 70, 73-80.

that methyl groups are exactly staggered whereas these optimized
results here indicate that the methyl groups are twisted from the
staggered conformation, in agreement with the gas-phase electron
diffraction results.*?

2. Torsional Energy Barriers. Calculated relative energies at
30° intervals of the dihedral angle are given in Table II (HF/
6-31G*). These exhibit a qualitatively correct (CH3),S, potential
surface, which is characterized by an energy minimum near 85°.
These data are also plotted (triangles) in Figure 1 as a function
of the dihedral angle ¢. Cis- and trans-barrier heights are close
to those reported by Aida et al.?* After an analysis in terms of
a Fourier-type expansion of the potential function,'#!3 a repre-
sentation of the energy profile was obtained in the form of eq 1
with ¥, = -3.68, ¥, = -8.37, and V; = -2.01 keal/mol. The solid
line in Figure 1 is a plot of eq 1 with these values of V. The most
important term here is the 2-fold term ¥,, which is the predom-
inant term for a disulfide bridge to adopt a skew conformation.!*
The ¥, term, which is associated with dipole—dipole interactions,
and to a smaller extent the ¥V, term, which involves bond repulsion
terms, make the (CH,),S, cis-barrier higher than the trans-
barrier.!*!5 This analysis is consistent with previous MO studies
on disulfides.?*26

Since the (CH,),S, potential curve in Figure 1 is relatively flat
at the bottom of the well, there is little energy penalty for distorting
a disulfide bond from its lowest energy dihedral angle within this
range. As little as 2 kcal/mol can cause the rotation of the
C-S-S-C dihedral angle from 60° to 120°. This suggests that
the disulfide bridge offers considerable flexibility for peptide and
protein conformations and it is consistent with the fact that in
peptides and proteins those disulfide bridges that are not severely
constrained have dihedral angles in the range 60-120°.27

In contrast to the n-butane situation,52 electron correlation
effects increase the dimethyl disulfide barrier heights (see Table
IV). These calculations show an interesting trend for (CHj),S,:
within the Hartree—Fock limit, larger basis sets seem to give the
lower barrier heights, but when using the same basis set (especially
at the triple-{ level), CI or MP results tend to increase the barrier
heights by 0.6~1.0 kcal/mol. These results are different from the
recent observation by Loos?® wherein the cis-barrier height was
decreased 2.1 kcal/mol upon inclusion of electron correlation
effects through CI/4-31G*. It seems likely that the differences
arise because a different geometry was used for the minimum-
energy conformation (the dihedral angle of the S-S bond was fixed
at 90°) and the author used a smaller basis set. Viewing the
experimental barrier from gas-phase thermodynamic properties
as an “effective barrier” for internal rotation, at elevated tem-
peratures the value of 6.8 kcal/mol may correspond to a weighted
average of cis- and trans-barriers.> Calculations reported here,
which do not include zero-point energy corrections, suggest that
the cis and trans torsional barriers are 11.40 £ 0.20 and 6.27 £
0.20 keal/mol, respectively. Recent experimental NMR relaxation
data for cyclic tetrapeptides® indicate values of 10.8 + 0.2
kcal/mol for the disulfide cis-barrier. In the NMR study of
1,2-dithiane®! where the six-membered ring precludes the pos-

(25) Dixon, D. A.; Zeroka, D.; Wendoloski, J. J.; Wasserman, Z. R. J.
Phys. Chem. 1985, 89, 5334-5336.
" (26) Boyd, D. B. J. Phys. Chem. 1974, 78, 1554-1563 and references
therein.

(27) Srinivasan, N.; Sowdhamin, R.; Ramakrishnan, C.; Balaram, P. Int.
J. Pept. Protein Res. 1990, 36, 147-155 and references therein.

(28) (a) Wiberg, K. B.; Murcko, M. A. J. Am. Chem. Soc. 1988, 110,
8029-8038. (b) Raghavachari, K. J. Chem. Phys. 1984, 81, 1383-1388.

(29) Loos, M. In Modelling of Molecular Structures and Properties;
Rivail, J.-L., Ed.; Elsevier: Amsterdam, 1990; Vol. 71, pp 359-362.

(30) Molins, M. A.; Giralt, E.; Pons, M. 12th American Peptide Sympo-
sium, Boston, MA, June 16-21, 1991; p 139.
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Table VL. 16L0 Results for 33S and 3C Chemical Shieldings of
Dimethyl Disulfide?

chemical shielding
and chemical shift, ppm

dihedral angle
of CSSC, deg e(33S) 5(38)¢ a(*3C) s(BC)y*
0.0 728.0 -84.4 199.1 14.8
30.0 719.1 -75.5 197.7 16.2
60.0 694.0 -50.4 195.5 18.4
87.40 685.9 -42.3 193.1 20.8
110.0 686.3 -42.7 191.5 22.4
150.0 706.1 -62.5 194.6 19.4
180.0 715.1 -71.5 196.4 17.5

4Geometry based on HF/6-31G* optimization. Basis sets for
shielding calculations are described in the text. ®The total energy at
this point is —874.006314 au. <The chemical shifts are relative to
carbon disulfide (¢ = 643.6 ppm). The shielding calculation made use
of the same basis sets and the optimized geometry at the HF/6-31G*
level. “The chemical shifts are relative to TMS, which is 2.3 ppm
downfield from methane (¢ = 216.2 ppm). The shielding calculation
made use of the same basis sets and the optimized geometry at the
HF/6-31G* level.

730

~ ~

- N

o o
| 1

700 4

Chemical Shielding (ppm)
2
(o]
1

680 T T T T T

0 30 60 80 120 150 180
Dihedral Angle CSSC (deg)

Figure 2. Calculated 3S isotropic shielding (ppm) for dimethyl disulfide

plotted as a function of the dihedral angle ¢. The open triangles denote

the calculated points and the solid line is based on the linear regression

results from eq 2.

sibility for trans arrangements, it was concluded that the disulfide
cis-barrier is 11.6 kcal/mol. In comparison, an NMR study of
the rotational barrier in molecules such as PhCH,SSC(CH,;),,
for example, shows a value of 6.8 + 0.7 kcal/ mol.32 Since the
large bulky groups would substantially raise the cis-barrier heights,
this value could represent an upper limit for the trans-barrier
height in dimethy! disulfide.

3. Chemical Shielding. (a) Conformational Dependence of the
Isotropic 33S Shielding in (CH,),S,. Entered in Table VI are the
calculated 1GLO *C and **S chemical shielding results at 30°
intervals of the C-S—-S—C dihedral angle ¢. These data are also
plotted (triangles) in Figure 2 as a function of the C-S-S-C
torsional angle in the range 0—-180°. From the linear regression
analysis of the results in Table VI, it can be seen that the con-
formational dependencies are well represented by the Fourier
expansion

(3*S) = 6.8 cos ¢ + 18.8 cos 2¢ + 0.4 cos 3¢ +
1.1 cos 4¢ — 0.7 cos 5¢ — 1.1 cos 6¢ + 702.5 ppm (2)

with a standard deviation of less than 0.1 ppm. The solid curve
in Figure 2 is a plot of the shielding based on eq 2. Thereis a
substantial chemical shift range of almost 50 ppm in Figure 2,
but S resonances in these compounds might be very broad.”* The
magnitudes of computed *3S isotropic chemical shielding values
in Table VI are consistent with IGLO results with comparable basis
sets. The experimental value of the 3*S chemical shift for (CH,),S,

(31) Claesen, G.; Androes, G.; Calvin, M. J. Am. Chem. Soc. 1961, 83,
4357-4361.

(32) Fraser, R. R,; Boussard, G.; Saunders, J. K.; Lambert, J. B. J. Am.
Chem. Soc. 1971, 93, 3822-3823.

(33) Hinton, J. F. Annu. Rep. NMR Spectrosc. 1987, 19, 1-34.
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Figure 3. Calculated 1*C isotropic shielding (ppm) for dimethyl disulfide
plotted as a function of the dihedral angle ¢. The open triangles denote
the calculated points and the solid line is based on the linear regression
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Figure 4. Angular dependence of the calculated paramagnetic bond
contributions (PBC) to the 3C shielding in dimethyl disulfide: (O)
C1-S1; (1) average for C1-H2 and C1-H3; (o) C1-H1.

seems not to have been reported.

(b) Conformational Dependence of the Isotropic 13C Shielding
in (CH,),S,. Entered in Table VI are the 1GLO results for the
isotropic *C chemical shielding in (CH3),S, for representative
torsional angles ¢. These are plotted (triangles) in Figure 3 as
a function of the dihedral angles in the range 0-180°. Analysis
of the chemical shieldings in terms of a truncated Fourier ex-
pansion gives the following equation:

a(13C) = 2.0 cos ¢ + 2.5 cos 2¢ — 0.8 cos 3¢ + 0.3 cos 4¢ +
0.2 cos 5¢ + 195.0 ppm (3)

with a standard deviation of less than 0.1 ppm. The *C shielding
results from eq 3 are plotted (solid curve) in Figure 3 as a function
of dihedral angle.

For dimethyl disulfide at the equilibrium geometry the calcu-
lated (gas-phase) *°C NMR CHj, chemical shift is 22.4 ppm. This
value is in fortuitously good agreement with the experimental
(solution) value of 22.2 ppm measured in CDCI; with tetra-
methylsilane (TMS) as reference.’* The calculated value was
first referenced to the 1GLO shielding result (216.2 ppm) for
methane (geometry optimized at the 6-31G** level) obtained with
the same basis set and then referenced to TMS by means of the
experimental (-2.3 ppm) chemical shift of CH,.>* It is possible
that the modest basis sets used here are adequate to reproduce
conformational chemical shift trends around the disulfide bond.
Even though the *C chemical shifts exhibit a range of more than
7 ppm in Figure 3, there does not yet appear to be unambiguous
conformational data for comparison. In studies of cystine residues
of protected and unprotected oxytocin intermediates, it has been
proposed® that the observed *C chemical shifts arise from var-

(34) The Sadtler Standard 1C NMR Spectra, Sadtler Research Lab. Inc.,
1977; Vol. 16, p 3008c.

(35) Spiesecke, H.; Schneider, W. G. J. Chem. Phys. 1961, 35, 722-730.

(36) Walter, R.; Prasad, K. U. M.; Deslauriers, R.; Smith, I. C. P. Proc.
Natl. Acad. Sci. US.A. 1973, 70, 2086-2090. Deslauriers, R.; Walter, R.;
Smith, 1. C. P. Proc. Natl. Acad. Sci. U.S.A. 1974, 71, 265-268.
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iations of the C-S-S~C dihedral angle associated with amino
group charge density changes.

From the 1GLO studies of '*C shielding in hydrocarbons!®2! it
has been shown that the most important changes in the total
shielding arise from paramagnetic contributions to the localized
MO’s. To study the origin of the angularly dependent substituent
effects, the individual paramagnetic bond contributions (PBC)
to the (CH,),S, '*C shielding from the four localized bonds
(C1-S1, C1-Hl, C1-H2, and C1-H3 in 1) on carbon were fit

Hy

My
NH '
\. P s

f 4
6 .

1

in the least-squares sense to a truncated Fourier series. These
PBC are plotted as a function of the dihedral angle ¢ in Figure
4. The paramagnetic bond contributions associated with the
C1-S1 bond, which are plotted (open circles) in Figure 4, vary
by somewhat more than 1 ppm over the whole range of dihedral
angles. The average of the PBC from the C1-H2 and C1-H3
bonds (open squares in Figure 4) is used since this has a periodicity
of 180°. These contributions vary by no more than 1 ppm over
the whole range. The angularly dependent changes involving the
C1-H1 bond (triangles in Figure 4) are most important. The
conformational dependence of the C1 methyl shielding in 1 is
almost entirely attributable to the paramagnetic bond contributions
for the C1~H1 bond, which points away from a lone pair on S2.

Radom et al. discussed the significance of the various V; terms
in eq 1 for the conformational dependence of the energies.'
Although there is no obvious reason that the torsional features
of the shielding should parallel the energies, in some cases they

are similar. For example, the calculated isotropic '*C shielding
in ethane is very accurately described by the 3-fold term.?' This
term corresponds to interactions between the C—H bonds, which
energetically favor staggered conformations. From eq 3 it can
be seen that the '*C isotropic shielding has contributions from
the 2-fold term that are slightly larger than those from the 1-fold
term. Radom et al.'* analyzed the 1-fold term as arising from
local dipole interactions at the two ends of the molecule. The
2-fold term, which is ascribed to interactions (back-donation)
between lone pairs and bond pairs, is the dominant factor leading
to the skew conformation of (CHj;),S,. The back-donation of an
S2 lone pairs to a bond pair on C1 might explain why para-
magnetic bond contributions from the C1-H1 bond dominate the
conformational features of the isotropic '*C shielding in (CH,),S,.
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Abstract: The dimerization of silaethylene to form 1,3-disilacyclobutane (1,3-DSCB) and 1,2-disilacyclobutane (1,2-DSCB)
is studied using ab initio quantum mechanical techniques. The dimerization reaction leading to 1,3-DSCB is predicted to
proceed through a concerted 2S + 2S mechanism due to a relaxation of the Woodward-Hoffmann rules for this case. With
use of a double-{ basis set augmented with polarization functions on C and Si (DZ + d), at the single and double excitation
coupled cluster (CCSD) level of theory, this reaction is predicted to be exothermic by 79.1 kcal/mol, and to have a barrier
height of 5.2 kcal/mol. 1,2-DSCB is predicted to lie 19.8 kcal/mol higher in energy than 1,3-DSCB at the DZ + d self-consistent
field (SCF) level of theory, and the dimerization reaction leading to 1,2-DSCB is predicted to proceed through a two-step

mechanism involving a diradical intermediate.

Introduction

For more than 2 decades it has been known that silicon can
and does form double bonds with carbon.! It was not until 1979,
however, that the synthesis of the first of a family of relatively

stable silenes, with the general formula (Me,Si),Si=C(OSiMe;)R,
was reported by Brook et al.> Unlike previously known unstable
silenes which dimerize in a head-to-tail fashion to produce 1,3-
disilacyclobutanes (1,3-DSCBs),’ most members of this family

(1) Gusel'nikov, L. E.; Flowers, M. C. J. Chem. Soc., Chem. Commun.
1967, 1001; J. Chem. Soc. B 1968, 419, 1396.
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(2) Brook, A. G.; Harris, J. W.; Lennon, J.; El Sheikh, M. J. Am. Chem.
Soc. 1979, 101, 83.
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